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Neural development requires both synapse elabora-
tion and elimination, yet relatively little is known
about how these opposing activities are coordi-
nated. Here, we provide evidence Hts/Adducin can
serve this function. We show that Drosophila Hts/
Adducin is enriched both pre- and postsynaptically
at the NMJ. We then demonstrate that presynaptic
Hts/Adducin is necessary and sufficient to control
two opposing processes associated with synapse
remodeling: (1) synapse stabilization as determined
by light level and ultrastructural and electrophysio-
logical assays and (2) the elaboration of actin-based,
filopodia-like protrusions that drive synaptogenesis
and growth. Synapse remodeling is sensitive to
Hts/Adducin levels, and we provide evidence that
the synaptic localization of Hts/Adducin is controlled
via phosphorylation. Mechanistically, Drosophila
Hts/Adducin protein has actin-capping activity. We
propose that phosphorylation-dependent regulation
of Hts/Adducin controls the level, localization, and
activity of Hts/Adducin, influencing actin-based
synapse elaboration and spectrin-based synapse
stabilization. Hts/Adducin may define a mechanism
to switch between synapse stability and dynamics.
INTRODUCTION
It is well established that the developing nervous system requires
the combined activities of synapse formation and elimination
(Goda and Davis, 2003; Luo and O’Leary, 2005), and there is
increasing evidence that this is also true for the maintenance of
mature neural circuitry (Holtmaat and Svoboda, 2009; Xu et al.,
2009). The molecular mechanisms that control synapse forma-
tion have been studied extensively and include modulation of
the neuronal cytoskeleton, target recognition, synapse
assembly, and stabilization (Luo, 2002; Goda and Davis, 2003;
Datwani et al., 2009). The opposing mechanisms that disas-
semble synaptic connections are beginning to emerge and
include modulation of growth factor signaling, the submembra-1114 Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc.nous spectrin/ankyrin skeleton, cell adhesion and cellular
mechanisms that dismantle the neuronal membrane (Luo and
O’Leary, 2005; Nikolaev et al., 2009; Koch et al., 2008; Pielage
et al., 2005, 2008; Watts et al., 2003; Massaro et al., 2009). In
general these different molecular mechanisms are studied in
isolation. Yet it is also clear that the phenomena of synapse
formation and retraction can coexist within the terminals of single
neurons (Walsh and Lichtman, 2003). The mechanisms that
serve to balance synapse stabilization and elimination within
a neuron to achieve and maintain precise patterns of neural
connectivity remain unknown.
To date, relatively few molecular mechanisms have been
uncovered that participate in both synapse formation and elimi-
nation. Any such signaling systemmight reasonably be a point of
control to balance synapse growth and elimination. Growth
factor signaling is a type of global regulation that coordinates
synapse formation and elimination with neuronal size (Huang
and Reichardt, 2001). However, much less is known about how
a balance between synapse stability and growth might be orga-
nized and executed locally within a nerve terminal. Potential
candidates include adaptive immune signaling (Datwani et al.,
2009) and control of cell adhesion. Remarkably, local regulators
of the actin and microtubule cytoskeletons capable of balancing
growth and elimination have yet to be clearly defined. Here,
we provide evidence that the actin-capping, spectrin-binding
protein Adducin participates in both actin dependent synaptic
growth and synapse stabilization. As such, Adducin may serve
to coordinate these opposing activities that normally specify
the shape, extent, and stability of the presynaptic terminal.
The vertebrate genome encodes the three closely related
adducin genes a-adducin, b-adducin, and g-adducin that
form tetramers composed of either a/b- or a/g-heterodimers
(Matsuoka et al., 2000). Adducin is a key protein involved in the
assembly of the sub-membranous Spectrin-actin network
(Bennett and Baines, 2001). Adducins contain an N-terminal
head domain, a neck domain, and a C-terminal tail domain
that includes a conserved 22 amino acid MARCKS-related
domain (high homology to myristoylated alanine-rich C kinase
substrate protein) (Matsuoka et al., 2000). Studies using in vitro
biochemistry have shown that Adducin tetramers can cap the
fast growing ends of actin filaments (Kuhlman et al., 1996) and
recruit Spectrin to the ends of these actin filaments (Bennett
et al., 1988). The actin binding activity of Adducin has beenmap-
ped to the MARCKS domain (Li et al., 1998). In some systems,
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MARCKS domain by protein kinase C abolishes the actin
capping and Spectrin recruiting activities of Adducin (Chen
et al., 2007; Kuhlman et al., 1996; Matsuoka et al., 2000). Thus,
Adducin represents a regulated link between dynamic actin fila-
ments and the stabilizing activity of the spectrin skeleton.
Adducin is highly expressed in the vertebrate nervous system
(Bennett et al., 1988; Seidel et al., 1995). It is present in axonal
growth cones and is concentrated within both presynaptic nerve
terminals and postsynaptic dendritic spines (Matsuoka et al.,
2000; Seidel et al., 1995). High levels of phosphorylated Adducin
have been observed in hippocampal dendritic spines suggesting
that the actin-binding properties of Adducin could be regulated
during morphological spine plasticity (Matsuoka et al., 2000).
Consistent with this possibility, b-adducin knockout mice have
impaired LTP, LTD, and learning deficits (Porro et al., 2010;
Rabenstein et al., 2005). In addition, increased phosphorylation
of g-Adducin was observed during long-term synaptic facilita-
tion in Aplysia (Gruenbaum et al., 2003).
The Drosophila genome encodes a single adducin homolog,
encoded by the hu-li tai shao (hts) gene (Robinson et al., 1994;
Yue and Spradling, 1992). In Drosophila, Hts/Adducin was first
identified as an essential component of fusomes and ring canals
that are required for normal oogenesis (Robinson et al., 1994;
Yue and Spradling, 1992). In these tissues Hts/Adducin colocal-
izes with Spectrin and actin. Importantly,Drosophila hts/adducin
encodes an isoform (Hts-M) that includes the highly conserved
MARCKS domain required for actin binding (Petrella et al., 2007).
RESULTS
Drosophila hts/adducin encodes four potential isoforms that
have been previously characterized duringDrosophila oogenesis
(Petrella et al., 2007). Importantly, two isoforms contain a
conserved MARCKS domain at the C terminus that is essential
for the association with spectrin and actin-filaments in verte-
brates. We observe only the shorter, 718 amino acid long, iso-
form in larval brain (Figure 1B and data not shown) and have
termed this isoform Hts-M (Add 1 in Petrella et al., 2007). This
isoform shares 38% overall identity with vertebrate a-Adducin
and 64% identity within the MARCKS domain (www.flybase.
org; Blast NCBI). Importantly, the MARCKS domain in
Drosophila Hts-M includes a highly conserved central serine
residue that can be phosphorylated by PKC/PKA to modulate
the actin-recruiting and spectrin-binding properties of Adducin
in vertebrates (Matsuoka et al., 2000; Figure 1A).
The organization of the hts locus is shown in a schematic that
includes the position of three molecularly defined mutations and
a deficiency that we use in this study (Figure 1A; Petrella et al.,
2007). In addition, two antibodies, Hts1B1 and Hts-M, are avail-
able that recognize unique epitopes within Drosophila Hts
(Petrella et al., 2007; Zaccai and Lipshitz, 1996; Figure 1A). These
antibodies were used to confirm and define the molecular nature
of our mutant hts alleles and to analyze the presence of the
Hts-M isoform at the neuromuscular junction (NMJ). Both anti-
bodies clearly label the Drosophila neuromuscular junction.
Staining is present in the presynaptic motor axons, throughout
the postsynaptic muscle, and is also concentrated within thepostsynaptic muscle membrane folds, termed the subsynaptic
reticulum (SSR), that surround the NMJ (Figure 1C).
TheP element insertion hts1103 completely eliminates immuno-
staining assayed in situ and on western blots of larval brains,
demonstrating the specificity of these antibodies (Figures 1B
and 1C). The htsW532X mutation results in a premature stop
codon and only a small amount of residual staining is detectable
in the motor nerve when using the Hts1B1 antibody (Figure 1C);
however, no protein can be detected on the western blot (Fig-
ure 1B). The htsDG mutation results in a truncated but stable
protein lacking the MARCKS domain since staining with the
Hts-M antibody is eliminated, while staining with the Hts1B1
antibody is retained. These results are in accordance with prior
analysis of the htsmutations in oocytes (Petrella et al., 2007).
Loss of Hts/Adducin Causes Synapse Retraction
and Elimination
The integrity of the NMJ and of individual synapses within the
NMJ can be analyzed by immunolabeling synaptic markers
that reside pre- and postsynaptically (Eaton et al., 2002;
Koch et al., 2008; Massaro et al., 2009; Pielage et al., 2005,
2006, 2008). At the wild-type NMJ, the active-zone associated
protein Bruchpilot resides in precise apposition to clusters of
postsynaptic glutamate receptors throughout the NMJ (Fig-
ure 2A). In addition, the presynaptic vesicle marker Synapsin
and the presynaptic membrane marker anti-HRP are opposed
throughout the NMJ by the postsynaptic marker Dlg (Budnik
et al., 1996), which labels the SSR (Figure 2A and 2E). In
hts mutant animals, by contrast, we observe large regions of
NMJs where postsynaptic antigens are no longer opposed by
presynaptic markers. Specifically, within a single NMJ, regions
of the presynaptic nerve terminal are devoid of presynaptic Brp
but retain postsynaptic glutamate receptor clusters. The regions
of the presynaptic nerve terminal that lack Brp have a discontin-
uous, fragmented presynaptic membrane, whereas regions of
the same NMJ that contain Brp have a normal, continuous
presynaptic membrane (Figures 2A–2D). Consistent with conclu-
sionsmade in prior publications using an identical assay, the loss
of presynaptic antigens and the associated fragmentation of the
presynaptic membrane identify sites of synapse disassembly
(Eaton et al., 2002; Koch et al., 2008; Massaro et al., 2009;
Pielage et al., 2005, 2008). Staining htsmutant animals with addi-
tional pre- and postsynaptic markers further supports this
conclusion (see Figure S1B available online).
The frequency and severity of synapse retractions were quan-
tified in wild-type and hts mutant animals. Wild-type animals
show virtually no evidence of synapse retraction, and when it
does occur the retractions only encompass one or two synaptic
boutons (Figures 2E and 2F; WT retraction 3.3%, n = 120). By
contrast, hts mutations have a large increase in both the
frequency and severity of NMJ retractions (23%–53%, n > 100)
both on muscle 4 and muscles 6/7 (Figures 2E, 2F, S8). In addi-
tion, the frequency and severity of this phenotype correlates well
with the molecular nature of our mutant alleles with hts1103/
DfBSC26 representing a strong hypomorph or null combination
and showing the most severe phenotype. It is worth noting that
the htsDG mutation, which results in a truncation before the
C-terminal MARCKS domain, shows a significant increase inNeuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc. 1115
A B
C
Figure 1. Hts-M Is Present Pre- and Postsynaptically at the Drosophila NMJ
(A) Schematic of the Drosophila hts locus. The position of the transposon and EMS-inducedmutations are indicated (asterisks). The Hts-M isoform present at the
Drosophila NMJ encodes a 718 aa long protein that contains a C-terminal MARCKS domain. Epitopes of the different Hts-M antibodies are indicated.
(B) Western blots of third-instar larval brain extracts. Anti-Hts1B1 and anti-Hts-M recognize single protein bands at approximately 80 kDa. The htsDG mutation
results in a truncated protein that can be detected using anti-Hts1B1 but not with anti-Hts-M.
(C) Analysis of Hts protein distribution at the Drosophila NMJ using the antibodies Hts-M and Hts1B1. In DfBSC26/hts1103 mutant animals, no Hts1B1 or Hts-M
staining can be detected. In DfBSC26/htsW532X mutant animals, small remnants of protein can be detected by the Hts1B1 antibody in the motoneuron axon
(asterisk). In DfBSC26/hts1103mutant animals, significant amounts of Hts-M protein can be detected by Hts1B1; however, no protein can be detected with the
Hts-M antibody.
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Adducin Controls Synapse Growth and StabilityNMJ retractions compared to wild-type, suggesting the impor-
tance of the Hts/Adducin actin-binding and capping activity for
synapse stability (Figures 2E and 2F). However, the phenotype
of the htsDG mutation is not as severe as the null mutation. One
possibility is that the truncated protein retains some actin-
capping activity as indicated by in vitro studies (Li et al., 1998).
Alternatively, there remains a stabilizing function that is indepen-
dent of theMARCKS domain in vivo that is not predicted from the
in vitro data. From these data, we conclude that Hts-M is
required for the stabilization of the presynaptic nerve terminal.
Adducin interacts with the Spectrin skeleton in Drosophila and
other systems (Bennett and Baines, 2001). The demonstration1116 Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc.that Hts/Adducin is necessary for synapse stability is consistent
with prior studies demonstrating that presynaptic a-/b-Spectrin
and the spectrin-interacting adaptor protein Ankyrin2 are re-
quired for synapse stability (Koch et al., 2008; Pielage et al.,
2005, 2008). Indeed, the severity of synapse retraction and elim-
ination is comparable in all three mutant genotypes. Consistent
with this correlation, we observe a loss of the cell adhesionmole-
cule Fasciclin II, the microtubule associated protein Futsch and
Ankyrin2L (Ank2L) within retracting portions of the NMJ (Figures
S1C–S1H). In addition, we observe that Ank2L staining is per-
turbed within stable regions of the NMJ (Figure S1H). Finally,
loss of Hts/Adducin potentially has a minor impact on axonal
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Figure 2. Mutations in hts Result in Severe Synaptic Retractions
(A–D) NMJs stained with markers for the presynaptic active zone protein Brp (green), postsynaptic glutamate receptors (DGluRIII, red), and the presynaptic
membrane (HRP, white). The insets show individual channels at higher magnifications. (A) Wild-type (w1118) muscle 4 NMJ. The presynaptic active zone protein
Brp is found in perfect apposition to postsynaptic glutamate receptors. (B) A htsW532X/htsDGmutant muscle 4 NMJ. Two motoneurons innervate the muscle. One
NMJ (asterisk) lacks all presynaptic Brp staining. The presynaptic membrane is fragmented and no longer continuous with the main motoneuron nerve. At higher
magnification, it becomes evident that the glutamate receptor clusters appear fused and are no longer organized into distinct uniform clusters. (C) A DfBSC26/
hts1103mutant muscle 4 NMJ. Only very small amounts of presynaptic Brp can be detected that are no longer organized into distinct puncta (asterisk). In addition,
the presynaptic membrane is fragmented and discontinuous (asterisk) indicating the retraction of synapses. (D) A DfBSC26/hts1103 mutant muscle 6/7 NMJ. At
large parts of the NMJ the presynaptic marker Brp is absent although postsynaptic glutamate receptors are still present. The presynaptic membrane is frag-
mented at these sites (asterisk). Scale bar in (A) applies to (A)–(D) and represents 10 mm; insets 2 mm.
(E) Quantification of the frequency of synaptic retractions. All combinations of hts mutants show a significantly higher number of retractions compared to
wild-type (n > 10 animals and > 100 NMJs each; *** indicates p < 0.001; * indicates p < 0.05; ANOVA). We do not observe significant numbers of retractions
in htsW532X/w1118mutant animals, demonstrating that the observed phenotypes in htsW532X/htsDG are in part due to the lack of the MARCKS domain in the htsDG
mutation.
(F) Quantification of the severity of synaptic retractions. The severity was quantified based on the number of postsynaptic bouton profiles that lack the presynaptic
marker Brp. Numbers represent percentage of total NMJs scored (n as in E). Elimination indicates the complete absence of distinct Brp signal and the complete
fragmentation of the presynaptic membrane from one motoneuron innervation site (examples in B and C). Error bars represent SEM.
See also Figures S1 and S2.
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Figure 3. Ultrastructural Analysis of Synapse Retraction
(A) A bouton of a wild-type muscle 4 NMJ. Electron dense membranes indicate individual release sites (synapses). At multiple synapses presynaptic T bars are
visible (white arrows). The presynaptic vesicles are uniformly distributed within the presynaptic bouton. The postsynaptic SSR is organized into distinct
membrane folds.
(B–D) Representative examples of three differentDfBSC26/hts1103mutant NMJs are shown. (B) In addition to normal synaptic vesicles, larger presynaptic vesicles
become apparent (asterisk) at DfBSC26/hts1103 mutant NMJs. Only one T bar is present at a synapse (white arrow). (C) Larger diameter vesicles are present
throughout the presynaptic bouton (asterisk). No T bars are present, and the area of individual electron dense regions is increased (boundaries marked by arrow-
heads). (D) Presynaptic organelles or vesicles can no longer be identified. Almost the entire membrane of the bouton is electron dense. In addition, the postsyn-
aptic SSR is no longer organized into compact membrane folds.
Scale bar in (A) applies to (A)–(D) and represents 500 nm. See also Figure S3.
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synaptic antigens in the axon. However, the overall organization
of the axonal cytoskeleton is not impaired (Figure S2A). The
potential axonal transport defect is less severe than that
observed in mutations in ank2 or after presynaptic knockdown
of the spectrin cytoskeleton (Figure S2B; Pielage et al., 2005;
Koch et al., 2008). We propose that Hts/Adducin is required to
maintain the stability of the spectrin-Ankyrin skeleton, previously
shown to be required for NMJ stability (Pielage et al., 2005, 2008).
Altered Glutamate Receptor Clustering at Sites
of Synapse Disassembly
During our analysis of NMJ disassembly, we observed an inter-
esting change in postsynaptic glutamate receptor staining in
regions of synapse retraction in hts mutant animals. In wild-
type, as shown previously, glutamate receptors are organized
into discrete clusters within the area of a synaptic bouton (Fig-
ure 2A, inset). By contrast, at sites of synapse retraction that
show fragmentation of the presynaptic membrane, the gluta-
mate receptor clusters appear confluent (Figures 2B–2D, insets).
These receptors are no longer opposed by presynaptic Brp sug-
gesting that they lack a functional presynaptic active zone. We
speculate that the altered organization of postsynaptic gluta-1118 Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc.mate receptor clusters could reflect a feature of ongoing
synapse disassembly and degeneration, possibly reflecting the
loss of trans-synaptic integrity (Eaton et al., 2002).
Ultrastructural Analyses
We next examined the NMJ of hts mutant animals at the ultra-
structural level. A cross-section through a wild-type synaptic
bouton is shown in Figure 3A. The synaptic bouton contains
synaptic vesicles that are concentrated near electron dense
active zones that include characteristic, electron dense presyn-
aptic T bars (white arrows). The bouton is surrounded by
complex muscle membrane folds (SSR). We sectioned NMJs
of three different DfBSC26/hts1103 mutant animals and present
representative images of the retraction phenotype. We observe
the appearance of abundant vacuoles within the presynaptic
terminal (Figures 3B and 3C). The presence of vacuoles was
previously associated with synapse retraction in dynactin, spec-
trin-RNAi, and ankyrin2mutant backgrounds (Eaton et al., 2002;
Pielage et al., 2005, 2008). We also observe the expansion of the
electron dense membrane domains that are typically associated
with active zones. These enlarged electron dense domains
do not contain T bars (Figures 3C and 3D). This is consistent
with our light level analysis using the T-bar-associated protein
Neuron
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receptor antibodies as a marker for the postsynaptic density
(Kittel et al., 2006; Wagh et al., 2006). At retracting nerve termi-
nals, Brp is absent, and we observe enlarged confluent domains
of glutamate receptor staining (Figures S3A and S3B). To further
address whether the enlarged electron densities might repre-
sent the enlarged glutamate receptor fields, we quantified gluta-
mate receptor fields at the light level, comparing stable
synapses (box 1 in Figure S3B) to retracting synapses (box 2
in Figure S3B) on the samemuscle. This analysis reveals a signif-
icant 6-fold increase in the volume of glutamate receptor
clusters and a corresponding 4-fold decrease in the number of
separable glutamate receptor clusters per synaptic bouton.
These data are consistent with the observation of nearly contin-
uous electron dense regions in our EM analysis (Figures 3C
and 3D). In addition, in sections where there appears to be
a severe perturbation of presynaptic ultrastructure, we observe
two additional phenotypes: (1) the postsynaptic SSR is less
dense, consistent with the disassembly of the postsynaptic
SSR as observed previously (Figure 3D; Eaton et al., 2002;
Pielage et al., 2005), and (2) the presynaptic mitochondria
are severely perturbed even though muscle mitochondria, in
the same image, appear normal. Finally, in all cases, boutons
with wild-type ultrastructure were also observed within each
animal, consistent with our light level observations (data not
shown). Thus, our ultrastructural data are consistent with the
conclusion that hts is necessary to maintain the stability of the
Drosophila NMJ.
Neuronal Hts Is Required to Maintain NMJ Stability
We next sought to define where Hts is required for synapse
stability. First, we expressed transgenically encoded RNAi
under UAS control (htsRNAi) to knock down Hts protein in either
the presynaptic neuron or postsynaptic muscle. Presynaptic
expression of htsRNAi significantly depletes Hts-M protein from
the nervous system (Figure 4H). When htsRNAi is expressed
presynaptically, with or without coexpression of dicer2 to
enhance RNAi efficiency (Dietzl et al., 2007), we observe a
significant increase in NMJ retractions compared to control
(Gal4-driver lines crossed to w1118) (Figures 4B and 4G; 36%
and 28% of muscle 4 NMJs show retractions compared to 1%
in control; n > 98 NMJs for all genotypes). In addition, presyn-
aptic knockdown of Hts shows all hallmarks of synapse retrac-
tion observed in hts mutants including loss of presynaptic
antigens, persistence of postsynaptic antigens (note the conflu-
ence of glutamate receptor staining as documented above; Fig-
ure 4B, inset) and the fragmentation of the presynaptic nerve
membrane (Figure 4B; see below for additional quantification
of bouton numbers). By contrast, although muscle-specific
expression of htsRNAi was equally efficient at eliminating Hts
protein (data not shown), it did not cause an increase in synapse
retractions (Figures 4C and 4G; 2% of NMJs show retractions,
n = 60). In addition, the morphology of the NMJ appears grossly
normal following postsynaptic knockdown of Hts (Figure 4C; see
below for further quantification).
To further address the tissue-specific function of Hts, we ex-
pressed an hts cDNA in the hts mutant background using the
GAL4/UAS expression system. We used a cDNA encoding the718 aa long isoform of Hts that contains the conserved
C-terminal MARCKS domain (Hts-M). The MARCKS domain
containing isoform is the major Hts isoform expressed in the
larval nervous system as wild-type Hts-M and UAS-expressed
Hts-M protein run at equal sizes on western blots of larval brains
(see below). We do not detect the OvHts isoform (1156 aa) that is
present in nurse cells and oocytes (Petrella et al., 2007; data not
shown). We find that presynaptic expression of Hts-M using
elav-GAL4 in the hts mutant background (DfBSC26/hts1103)
rescues the presynaptic retraction phenotype (Figures 4D and
4F; retraction frequency 7% compared to 54% in mutant
animals, n > 98 NMJ). Importantly, this presynaptic rescue assay
allows us to visualize Hts-M protein that is present in the presyn-
aptic nerve terminal because we only resupply the protein in the
motoneuron, not in the muscle. Hts-M protein is present within
the presynaptic nerve terminal where it localizes at or near the
presynaptic membrane but is not present within active zones
marked by Brp (Figure 4E). In contrast, postsynaptic expression
of Hts-M causes a slight, though not significant, reduction in the
frequency of synapse retraction. However, we find that ectopic
expression of Hts-M in muscle severely disrupts muscle and
NMJ morphology (Figure S4). Thus, is it not possible to accu-
rately quantify the postsynaptic contribution of Hts-M to NMJ
stability when it is expressed via UAS-GAL4. From these data,
both RNAi-mediated Hts knockdown and transgenic rescue,
we conclude that Hts is required presynaptically to stabilize
the NMJ.Electrophysiological Analysis of Synaptic Transmission
We next analyzed synaptic transmission, comparing wild-type
with the hts1103/DfBSC26 allelic combination and with animals ex-
pressing htsRNAi in presynaptic neurons. We find a significant
increase in the average quantal amplitude in the hts1103/DfBSC26
mutant animals and a corresponding decrease in average
quantal content (Figures S5A–S5C). However, the increased
mepsp amplitude was not observed in animals expressing
htsRNAi presynaptically. This could be due to a less severe knock-
down of Hts protein. Alternatively, the increased average mepsp
amplitude could reflect a postsynaptic activity of Hts. This possi-
bility is consistent with the prior demonstration that knockdown
of postsynaptic spectrin causes a comparable increase in
quantal size (Pielage et al., 2006). We also find that synaptic
transmission is considerably more variable in hts loss of function
animals (Figure S5D). We plotted averagemepsp versus average
quantal content for individual NMJ recordings. There is more
variation both in mepsp amplitude and quantal content
compared to wild-type. This is consistent with prior studies
demonstrating highly variable recordings at NMJ undergoing
retraction (Massaro et al., 2009; Pielage et al., 2005, 2008). The
observed increase in release variability is less severe than after
knockdown of a-/b-spectrin, which might be accounted for by
enhanced NMJ growth that is unique to hts mutant animals
(see below). Together, these data indicate that Hts/Adducin
does not have a strong, direct influence on either spontaneous
or evoked vesicle release. The small changes in transmission
that we observe are likely to be secondary to changes in NMJ
morphology.Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc. 1119
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Figure 4. Presynaptic Hts-M Is Both Necessary and Sufficient to Control Synapse Stability
(A–E)Muscle 4 NMJs stained for the presynaptic membrane (HRP, white), presynaptic active zones (Brp, green), and postsynaptic glutamate receptors (DGluRIII,
red). (A) Wild-type NMJ showing perfect apposition between pre- and postsynaptic markers. (B) Presynaptic knockdown of hts through the expression of a trans-
genic UAS-htsRNAi line by a combination of presynaptic Gal4 lines results in severe presynaptic retractions. In some areas, remnants of Brp remain; however,
these are no longer organized into distinct puncta but are uniformly distributed within the altered bouton (asterisk, inset). (C) Postsynaptic knockdown of hts
in muscle usingmef2-Gal4. No defects in synapse stability can be observed. (D) Expression of Hts-M in the presynapticmotoneuron using elav-Gal4 in htsmutant
animals (elavGal4; Df BSC26/hts1103; UAS hts-wt_III-8/+) rescues all synapse stability defects associated with the htsmutation. Scale bar in (A) applies to (A)–(D) and
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Filopodia-Based NMJ Extension and Synaptogenesis
To this point, the phenotypes caused by loss of hts/adducin
strongly resemble the effects observed following loss of
presynaptic a-/b-Spectrin (Pielage et al., 2005) or presynaptic
Ankyrin2L (Pielage et al., 2008). This is consistent with prior
demonstration that Adducin is a component of the submembra-
nous spectrin-Ankyrin lattice (Bennett and Baines, 2001). We
now describe a phenotype of NMJ expansion that is completely
unique to the loss of hts/adducin.
The loss of Hts causes two striking phenotypes of enhanced
synaptic growth. First, the number of type Ib synaptic boutons
is increased by approximately 50% in hts mutant animals
compared to wild-type controls. This increase in bouton number
is observed in all of our mutations and is even stronger (192%
compared to control) following RNAi-mediated presynaptic
knockdown of Hts (Figures 5B–5H). Furthermore, this phenotype
is completely rescued by presynaptic expression of Hts-M in hts
mutant animals (‘‘pre rescue’’ in Figure 5G). The increase in total
bouton number is particularly remarkable given that many of the
NMJs that we quantified are also undergoing significant synapse
retraction (see above). This aspect is reflected in the large vari-
ance of bouton number that we observe in both hts mutant
and htsRNAi animals (see histogram, Figure 5H). Thus, the quan-
tification of bouton number most likely underestimates the
growth-promoting effect caused by loss of presynaptic Hts/
Adducin. Based on these data, we conclude that Hts/Adducin
also has a potent activity that restricts the expansion and elabo-
ration of the presynaptic nerve terminal.
A second remarkable feature of hts mutant NMJs is the
appearance of abundant, small-caliber membrane protrusions
from the NMJ. These membrane protrusions retain presynaptic
proteins like Synapsin and Brp and postsynaptic glutamate
receptors, indicating that they may contain functional active
zones (Figures 5B, 5C, 5D, and 5F). In many cases, we observe
small glutamate receptor clusters at the distal ends of these
protrusions that are not yet opposed by presynaptic Brp. This
suggests that these are newly forming synapses as live imaging
studies previously demonstrated the appearance of post-
synaptic glutamate receptors prior to the appearance of the
presynaptic active zone marker Brp (Rasse et al., 2005).
Different motoneurons elaborate terminals of different caliber
at the Drosophila NMJ. The type Ib boutons are large-diameter
boutons. The type Is boutons often coinnervate muscles
with type Ib. The type II and type III boutons are much smaller
caliber boutons and express peptide neurotransmitters. Therepresents 10 mm. Scale bar in insets represents 2 mm. (E) In the rescued animals (p
Hts protein due to the absence of muscle Hts protein. Muscle 6/7 NMJ stained for
membrane (HRP, white). Scale bar 5 mm, inset 2 mm.
(F) Quantification of synapse retractions in hts mutant and rescued animals. Pres
UAS hts-wt_III-8/+) significantly rescues the synapse retraction phenotype (p > 0.0
hts1103; UAS hts-wt_III-8/mhcGal4) does not significantly rescue the retraction ph
Figure S4). (n = number of NMJs: WT = 120, DfBSC26/hts1103 = 107, DfBSC26/hts1
(G) Quantification of synapse retractions after pre- or postsynaptic knockdown of
(esd) = elavGal2; scaGal4UAS-dcr2; post (mef2) =mef2Gal4 (n = number of NMJs:
60; *** indicates p < 0.001, ANOVA). Error bars represent SEM.
(H) Western blot of Hts protein levels in third-instar larval brains of wild-type and
See also Figures S4 and S5.small-caliber protrusions that we observed originate from exist-
ing type Ib boutons, demonstrating that these protrusions repre-
sent altered growth of type Ib processes. These small-caliber
protrusions are longer and smaller in diameter than ‘‘satellite
boutons’’ that have been observed previously in mutations that
disrupt synaptic vesicle endocytosis or actin regulators (Coyle
et al., 2004; Koh et al., 2004; Marie et al., 2004). Thus, these
small-caliber protrusions represent a distinct modification of
normal synaptic growth. To quantify this effect, we counted the
number of NMJs that contain small-caliber protrusions that
emerge from existing type Ib terminals and the average number
of protrusions per NMJ. The number of synaptic protrusions is
significantly increased in all of the hts mutations and after
presynaptic knockdown of hts, and the severity of this pheno-
type correlates well with the severity of the allelic combination
tested (Figure 5I). These protrusions might directly contribute
to the altered growth in htsmutant animals because we observe
a significant, more than two-fold increase in the number of
branches of type Ib terminals on muscle 4 compared to wild-
type animals (Figure 5J). Importantly, we can rescue all aspects
of altered synapse morphology, protrusions, and branching by
presynaptic expression of Hts-M in hts mutant animals (Figures
5I and 5J).Synaptic Protrusions Are Actin-Rich Structures
The phenotype of synaptic overgrowth observed in hts muta-
tions is not observed in animals lacking presynaptic a-/b-Spec-
trin or Ankyrin2L, suggesting that this phenotype may be derived
from a unique activity of Hts/Adducin. Prior work in other
systems has demonstrated that Adducin is an actin-capping
protein that caps the barbed end of actin filaments (Kuhlman
et al., 1996; Li et al., 1998). The appearance of small-caliber
membrane protrusions would correlate well with a loss of actin
capping activity within the presynaptic nerve terminal. We tested
the potential actin-capping activity of Hts-M by monitoring the
decay in fluorescence of pyrene-labeled actin filaments in the
presence of latrunculinB. The addition of purified Hts-M signifi-
cantly prevents the depolymerization of actin filaments to
a similar extent as Capping Protein. The depolymerization rate
drops from 11.7 to 1.2 a.u./s (n = 3) (Figures 6A and 6B). This
demonstrates that Drosophila Hts-M, similar to vertebrate
Adducin, has significant actin capping activity. Therefore, we
hypothesize that synaptic overgrowth and the appearance of
small-caliber synaptic protrusions may be related to the loss of
actin-capping activity normally provided by presynaptic Hts-M.re-rescue hts, genotype as in D) we can visualize the localization of presynaptic
Hts-M (green), the presynaptic active zone protein Brp (red) and the presynaptic
ynaptic expression of Hts-M in hts mutant animals (elavGal4; Df BSC26/hts1103;
01, ANOVA). Postsynaptic expression of Hts-M in htsmutant animals (DfBSC26/
enotype. The morphology of the NMJ is severely altered in these animals (see
103; elav/ Hts-M = 230, DfBSC26/hts1103; mhc/ Hts-M = 62).
Hts. Abbreviations: control = Gal43w1118; pre (eo) = elavGal4; ok371Gal4; pre
control = 280, pre (eo) htsRNAi = 98, pre (esd) htsRNAi = 110, post (mef2) htsRNAi =
after presynaptic htsRNAi expression.
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Figure 5. Loss of Presynaptic hts Leads to Increased NMJ Growth
(A–D) Muscle 4 NMJs stained for presynaptic active zones (Brp, green), postsynaptic glutamate receptors (DGluRIII, red) and the presynaptic membrane (HRP,
blue). (A) Wild-type NMJ. Insets show the precise apposition between pre- and postsynaptic markers. (B) An hts1103/htsW532Xmutant NMJ. Mutant animals show
a significant increase in NMJ span and bouton number. Aberrant formation of new synaptic boutons can be observed. Long membrane protrusions form with
a smaller diameter than normal type Ib boutons. At the ends of these protrusions (arrow, insets), the appearance of small glutamate receptors can be observed
Neuron
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Adducin Controls Synapse Growth and StabilityRecently, actin-capping proteins have been hypothesized to
regulate a balance between actin-based filopodial extension
and the formation of lamellipodial actin networks by Arp2/3-
mediated branching (Akin and Mullins, 2008; Bear et al., 2002;
Iwasa and Mullins, 2007; Mejillano et al., 2004; van der Gucht
et al., 2005). Monomeric actin has a higher affinity for the barbed
end of elongating actin filaments than for Arp2/3, and increasing
the concentration of capping protein in vitro inhibits filament
elongation to promote lamellipod formation by Arp2/3 (Akin
and Mullins, 2008). Thus, loss of an actin-capping protein might
be expected to bias a cell toward actin filament extension.
Consistent with this hypothesis, depletion of capping protein
results in a dramatic increase of actin-rich filopodia in tissue
culture (Mejillano et al., 2004). Similarly, loss of Eps8, a protein
with actin-capping activity, causes the appearance of actin-
rich filopodia in cultured neurons (Menna et al., 2009). Based
upon these prior studies, we hypothesize that loss of Hts-M/
Adducin-mediated actin capping causes actin-based filopodia
extensions at the nerve terminal. If so, the small-caliber protru-
sions that we observe at the NMJ should be actin-rich structures.
We examined filamentous actin within the presynaptic nerve
terminal of wild-type and hts mutant animals by expression of
the f-actin binding domain of Drosophila Moesin (UAS-GMA)
(Dutta et al., 2002). Consistent with prior studies examining actin
at theDrosophilaNMJ (Nunes et al., 2006), actin is organized into
a network near the plasma membrane, including the presence of
actinpatches that aredistributed throughout theNMJ (Figure6C).
In hts mutants, we find that the small-caliber nerve terminal
protrusions that are opposed by small postsynaptic glutamate
receptor clusters are actin rich structures, resembling actin-
based filopodia extensions in other systems (Figure 6D, insets).
We next asked whether the small-caliber protrusions also
contain bundledmicrotubules. In wild-type animals, themicrotu-
bule-associated protein Futsch labels a core of bundledmicrotu-
bules that extend throughout the NMJ including all distal
boutons (Figures 6E and S6C; Roos et al., 2000). Futsch-positive
microtubules do not invade the small-caliber, actin-based
protrusions we observed in the hts mutants (Figures 6F and
S6D, insets). We then analyzed the distribution of the spectrin
adaptor protein Ank2L. In wild-type NMJ, Ank2L is present
beneath the plasma membrane and provides a potential link
among cell adhesion molecules, the spectrin skeleton, and
presynaptic microtubules (Figures S6A and S6C; Koch et al.,that are not yet opposed by presynaptic Brp (asterisk). (C) ADfBSC26/hts1103mutan
observed. The retraction can be clearly identified through the absence of Brp and
contrast, new synapses form along continuous protrusions of the presynaptic m
phenotype. Scale bar in (A) applies to (A)–(D) and represents 10 mm, scale bar in
(E and F) Muscle 4 NMJs stained for the presynaptic vesicle marker Synap
membrane (HRP, blue). Insets show distal part of the NMJ at higher magnification
5 mm.
(G) Quantification of boutons numbers. Numbers are normalized to control geno
expression of Hts-M in DfBSC26/hts1103mutant animals (pre-rescue). There is no d
96, hts1103/DfBSC26 = 96, hts1103/htsW532X = 96, htsW532X/htsDG = 40, pre-rescue =
compared to control, ANOVA).
(H) Histogram of bouton numbers for selected genotypes from (G).
(I) Quantification of protrusions. Protrusions were quantified as HRP positive pro
(n = NMJs per genotype: control = 120, hts1103/Df BSC26 = 107, hts1103/htsW532X =
*** indicates p < 0.001 compared to control, ANOVA).
(J) Quantification of the number of branches per NMJ (** indicates p < 0.01, ANO2008; Pielage et al., 2008). Similar to Futsch, Ank2L is not
present in the distal parts of the actin-rich protrusions (Figures
S6B and S6D, inset). Finally, we stained the small-caliber protru-
sions in hts mutants for the cell-adhesion molecule Fasciclin II
(FasII). FasII is essential for the maintenance of the NMJ as
a trans-synaptic homophilic cell-adhesion molecule and nor-
mally delineates the NMJ (Schuster et al.; Figure S6E). We find
that FasII is present in the small-caliber protrusions, indicating
that these structures may be stabilized by homophilic cell adhe-
sion (Figure S6F). However, postsynaptic Dlg levels are low,
providing additional evidence that these structures may be
newly formed, prior to the elaboration of the postsynaptic SSR
(Figure S6F). Based upon these data, we propose that the
small-caliber protrusions observed in hts mutants are derived
from increased actin-filament formation caused by the lack of
Hts-M-dependent actin capping. Note, however, that in the
htsDGmutation lacking the MARCKS domain, we do not observe
significant protrusions but we do observe increased growth.
It is possible that some actin-capping activity is retained in this
mutant based upon prior in vitro biochemistry on vertebrate
Adducin proteins (Li et al., 1998) and this is sufficient to suppress
protrusion formation (see also Discussion).
Hts/Adducin Overexpression Blocks Extension
of Small-Caliber Presynaptic Terminals
If loss of the actin-capping activity of Hts promotes the formation
of actin-based filopodial extensions from an existing nerve
terminal, then overexpression of Hts-M should block this
process. We overexpressed high levels of Hts-M presynaptically
and examined synapsemorphology atmuscles 12 and 13. These
muscles are innervated bymotoneurons that form large diameter
type Ib boutons as well as small caliber type II and type III nerve
terminals (Figure 7A). Overexpression of Hts-M severely impacts
the extension and growth of the small-caliber type II and type III
synaptic bouton arborizations (Figure 7B). The motoneurons
navigate to the NMJ but fail to extend on the muscle surface.
In addition, the morphology of the remaining type III terminals
is clearly altered (Figure 7B, arrows). By contrast, the large-
caliber type Ib boutons are present and elaborate at the nerve
terminal. The quantification of the total length of type III terminals
onmuscle 12 reveals a significant, 2.7-fold reduction (Figures 7C
and 7D). These data support the hypothesis that the actin-
capping activity of Hts/Adducin may control the shape andt NMJ. On the samemuscle, a retracting branch and an overgrown NMJ can be
the simultaneous fragmentation of the presynaptic membrane (arrowhead). In
embrane (asterisk). (D) Presynaptic knockdown of hts results in an identical
inset represents 2 mm.
sin (green), the postsynaptic SSR marker Dlg (red), and the presynaptic
. Scale bar in (E) applies to (E) and (F) and represents 10 mm; scale bar in inset
types. The NMJ overgrowth can be completely rescued through presynaptic
ifference in muscle size between genotypes. (n = NMJs per genotype: control =
96, pre-RNAi = 72, post-RNAi = 64; *** indicates p < 0.001, ** indicates p < 0.01
trusions that show glutamate receptors with little or no opposing Brp staining
120, htsW532X/htsDG = 100, pre-rescue = 98, pre-RNAi = 110, post-RNAi = 60;
VA). Numbers as in (I). Error bars represent SEM.
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Figure 6. Drosophila Hts-M Is an Actin-Capping Molecule
(A) Pyrene-labeled actin filaments were diluted to 500 nM into KMEI plus 1 mM latrunculin B to stimulate depolymerization. The assay was performed alone
(black) or in the presence of Hts-M (red) or capping protein (gray). Hts-M protects actin filaments from depolymerization to a similar extent as capping
protein.
(B) Rate of depolymerization of actin filaments from (A), calculated from the initial 60 s of the reactions (three independent trials per assay). The presence of
Hts-M in the assay reduces the depolymerization rate from 11.696 to 1.221 a.u./s; *** indicates p < 0.001, Student’s t test; error bars represent SEM.
(C) Presynaptic actin filaments were visualized through the expression of the GFP-tagged f-actin binding domain of Drosophila Moesin (UAS-GMA).
(D) In the absence of Hts-M, membrane protrusions are evident at many sites of the presynaptic nerve terminal. Actin filaments are present throughout the
protrusions (asterisk, insets).
(E) In wild-type, microtubules are present and form loops in distal synaptic boutons (anti-Futsch).
(F) In hts mutant animals, Futsch staining is absent in the distal parts of the protrusions.
Scale bar in (C) corresponds to (C)–(F), 5 mm. See also Figure S6.
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Figure 7. Ectopic Expression of Hts-M Can Restrict Synapse Formation and Growth
(A–C) NMJs on muscles 12/13 stained for the presynaptic active zone protein Brp (green), the presynaptic membrane (HRP, red), and postsynaptic glutamate
receptors (DGluRIII). (A) Wild-type NMJ. Type II and III synapses cover large areas of muscles 12 and 13. (B) Expression of high levels of Hts-M presynaptically
in a wild-type background (elavGal4; scaGal4 crossed to two copies of UAS-Hts-M). Synapse formation of type II and type III synapses is severely suppressed.
The arrows indicate the tip of type III synapses with alteredmorphology, and the asterisks indicate type II synapses. (C and D) Quantification of NMJ length of type
III synapses. The ectopic expression of Hts-M reduces themean total length of type III synapses onmuscle 12 from 227 mm to 84 mm (n = 10); p < 0.001 compared
to wild-type, ANOVA; error bars represent SEM).
(E) The Hts-pSer703 (UPS) antibody recognizes only phosphorylated Hts-M. In untreated larval brain extracts (c1 and c2) anti-Hts-pSer703 detects a protein of
identical size as the Hts-1B1 antibody (right blot). The signal is absent in larval brain extracts treated for 30 min with l-phosphatase (lP). c1: identical buffer as in
lP treated lane including phosphatase inhibitors; c2: standard Ripa buffer including phosphatase inhibitors. The image on the right is the same western blot after
stripping analyzed with anti-Hts-1B1 and anti-Tubulin antibody.
(F) To analyze the distribution and phosphorylation level of presynaptic Hts-Mwe stained htsmutant animals that expressedHts-M only presynaptically (elavGal4;
DfBSC26/hts1103; UAS hts-wt_III-8/+). In these animals, all phenotypes associated with hts mutations are rescued. We analyzed the distribution of the Hts-M and
phospho-Hts at muscles 12/13, where we can simultaneously analyze type I, II, and III synapses as stated in (A). While we detect no or only very low levels of
phosphorylated Hts-M in type I boutons, we observe high levels of phosphorylated Hts-M in both type II and type III synapses.
Scale bar in (A) corresponds to (A), (B), and (F), 10 mm. See also Figure S7.
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Adducin Controls Synapse Growth and Stabilityextent of nerve terminal growth, particularly of the small-caliber
synaptic arborizations. Interestingly, the small-calibernerve termi-
nals (type II and type III) are the most dynamic structures in theneuromuscular system and are strongly influenced by changes
in neural activity (Budnik et al., 1990). This raises the possibility
that Hts activity might be regulated to control synaptic growth.Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc. 1125
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Adducin Controls Synapse Growth and StabilityEvidence for Phosphorylation-Dependent Control
of Synaptic Hts/Adducin
The spectrin-binding and actin-recruiting functions of Adducin,
aswell as its subcellular localization, are controlled by phosphor-
ylation in several tissues in vertebrates. For example, in resting
platelets, dephosphorylated Adducin is complexed with the
submembranous spectrin skeleton where it may cap actin fila-
ments and inhibit filopodia formation. During platelet activation,
Adducin becomes phosphorylated, released from the submem-
branous spectrin skeleton, and aggregates in the cell interior.
It is believed that the translocation of Adducin removes actin-
capping activity from the membrane and enables the observed
change in platelet cell shape that includes the formation of
numerous filopodia (Barkalow et al., 2003). By extension, we
might expect to observe phosphorylated Hts/Adducin at
synapses undergoing actin-based extension and growth. We
tested this possibility using available phosphospecific anti-
bodies. The anti-phospho-Adducin (Ser724) antibody (Upstate/
Millipore) was raised against a peptide corresponding to amino
acids 720–728 of rat a-Adducin. This peptide FRTP[pS]FLKK
is, except for the first amino acid, identical to the core sequence
of the MARCKS domain ofDrosophila Hts-M (see Figure 1A). We
refer to this antibody asHts-pSer703 based on the position of the
phosphorylated Serine in the Drosophila Hts-M sequence.
First, we demonstrate that Hts-pSer703 is indeed a phospho-
specific Hts antibody that works in situ at the Drosophila NMJ
(Figures S7A and S7B). Hts-pSer703 staining is observed both
in the presynaptic motor nerve and throughout the muscle (Fig-
ure S7A), where it colocalizes with Hts-M. Importantly, all stain-
ing is absent in hts mutant animals indicating specificity for
Drosophila Hts-M (Figure S7B). To demonstrate that Hts-
pSer703 only recognizes phosphorylated Hts-M, we analyzed
larval brain extracts in the presence or absence of l-phospha-
tase. The l-phosphatase treatment completely abolishes any
signal on the western blot (Figure 7E). In addition, a small down-
shift of the Hts-M protein can be detected when analyzing the
extract with a general Hts antibody, suggesting several phos-Figure 8. Control of Synaptic Hts-M Localization via Phosphorylation o
(A) Schematic of the wild-type, nonphosphorylatable (S703A), and phosphomim
(B) Western blot of third-instar larval brains comparing Hts-M levels in wild-type,
(C) Quantification of the western blots. We observe identical expression leve
SD-p40/VK33 in the mutant background. The P-element-mediated insertion
to the site-integrated constructs and approximately 120% of wild-type. Th
Hts-M levels.
(D–G) Visualization of axonal and presynaptic Hts-M levels in rescued animals e
C) on muscle 4. The site-integrated constructs (D–F) express identical levels o
and Hrp to mark the presynaptic membrane. (D) Expression of wild-type Hts-M
Expression of nonphosphorylatable Hts-M (SA) results in similarly low levels o
mimic form of Hts-M (SD) results in highly abundant Hts-M protein within the
phenotypic rescues (Figure 4) expresses high levels of Hts-M in the presynap
(H) Quantification of Hts-M levels in the axon. Identical levels can be observed f
approximate 2-fold increase, corresponding to the 2-fold higher expression le
(I) Quantification of Hts-M levels within the presynaptic nerve terminal. The p
compared to WT and SA variants.
(J) Quantification of synapse retractions at m4 for the different phenotypes.
(K) Quantification of protrusions on m4. All constructs significantly rescue the p
levels of Hts rescues better than the site-integrated versions (n > 150 for all g
SEM).
See also Figure S8.phorylations of Hts-M in vivo (Figure 7E, right blot Hts1B1).
Therefore, we can conclude that a subset of Hts-M is phosphor-
ylated both in the presynaptic nerve and in postsynaptic
muscle.
In order to determine whether phosphorylated Hts-M is
present within the presynaptic nerve terminal, we used our
presynaptic rescue assay that allows the visualization of presyn-
aptic Hts-M protein in absence of postsynaptic Hts-M protein.
We first examined type II and III terminals on muscle 12/13
that are most sensitive to Hts-M overexpression (see above;
Figures 7B–7D). We observe Hts-M and Hts-pSer703 staining
throughout the terminal of both type II and type III boutons (Fig-
ure 7F). Interestingly, while Hts-M is clearly present in type Is and
Ib terminals on the same muscles, we do not observe significant
levels of Hts-pSer703 staining in these boutons. Similarly, if we
analyze Hts-M and Hts-pSer703 in type Ib boutons on muscle
4, we find that Hts-pSer703 staining is restricted to the motor
nerve and stops just prior to where the motoneuron contacts
the muscle cell. There is no or only very low levels of phosphor-
ylated Hts-M protein in the presynaptic terminal of type Ib bou-
tons, although there is clearly abundant Hts-M protein within
the presynaptic nerve terminal (Figure S7C). We conclude that
Hts-M is dephosphorylated within type Ib boutons. We hypothe-
size, therefore, that Hts-Mmay be regulated by posttranslational
phosphorylation within small-caliber type II and type III terminals,
and possibly maintained in a dephosphorylated state in type Ib
boutons. This differential regulation may account for the
enhanced dynamics and plasticity of type II and III nerve termi-
nals compared to the larger caliber type Ib terminals.
We next tested the hypothesis that the phosphorylation
status of Hts-M might control the localization of the Hts
protein and the function of Hts during NMJ growth and stabiliza-
tion. Therefore, we generated hts-M transgenes harboring
either phosphomimic (S703D) or nonphosphorylatable (S703A)
mutations within the Hts-M MARCKS domain (Figure 8A).
It was necessary to precisely control transgene expression
levels in order to compare synaptic protein levels betweenf S703
ic (S703D) Hts-M sequences.
mutant, and the different presynaptic rescue animals.
ls between the site-integrated constructs wt-p40/VK33, SA-p40/VK33, and
wt_III-8 expresses approximately 2-fold higher levels of Hts-M compared
e site-integrated insertions express only approximately 60% of wild-type
xpressing different Hts-M constructs presynaptically (genotypes as in B and
f WT, SA, and SD mutant forms of Hts-M. Animals are stained with Hts-1B1
results in very low levels of Hts-M within the presynaptic nerve terminal. (E)
f Hts-M within the presynaptic nerve terminal. (F) Expression of a phospho-
presynaptic nerve terminal. (G) The P element insertion wt_III-8 used for all
tic nerve terminal.
or the three site-integrated constructs while the P element insertion shows an
vels observed in (B) and (C).
resynaptic levels of the Hts-SD variant are approximately 5-fold increased
rotrusion phenotype. The original wild-type construct that expresses higher
enotypes for J and K; *** indicates p < 0.001, ANOVA; error bars represent
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Adducin Controls Synapse Growth and Stabilityphosphomimic and nonphosphorylatable transgenes. To
address this, we took advantage of the recently developed phi-
mediated site-specific integration system in Drosophila (Venken
andBellen, 2007).Wegenerated transgenic lineswith transgenes
inserted at specific genomic integration sites for wild-type (WT),
phosphomimic (SD), and nonphosphorylatable (SA) forms
of Hts-M. We had to generate stocks that allow presynaptic
expression of two UAS-insertions (attP40 and VK00033 inser-
tions of the same transgenes) in the background of the htsmuta-
tion to achieve significant expression levels in motoneurons (see
Experimental Procedures). First, we assayed expression levels of
Hts-M protein in the larval brains of these rescued animals (e.g.,
for wild-type: htswt-p40/VK33= elavGal4; hts1103UAS-hts-M-wtp40/
Df(2R)BSC26; UAS-hts-M-wtVK33). We find equivalent protein
expression levels for each genotype assayed by western blot
(Figures 8B and 8C). Each of these site integrated Hts-M variants
is expressed at approximately 60% of wild-type Hts-M levels
(Figures 8B and 8C). By comparison, the wild-type Hts-M trans-
gene (wtIII-8 = random P element insertion on the third chromo-
some) that we used in our prior rescue experiments is expressed
at approximately 120% of wild-type levels (Figures 8B and 8C).
Thus, we have a system that allows us to express wild-type and
modified Hts proteins in the hts mutant background and make
direct comparisonsbetween thesegenotypes regarding synaptic
protein levels and phenotypic rescue.
The first striking observation is that the phosphomimic trans-
gene (htsSD-p40/VK33) results in significantly higher levels of synap-
tic Hts-M protein compared to either thewild-type (htswt-p40/VK33)
or the nonphosphorylatable transgene (htsSA-p40/VK33) (Figures
8D–8F). This difference in synaptic localization is reproducible
and quantifiable (Figure 8I; SD ismore than five timesmore abun-
dant within the presynaptic nerve terminal compared to WT and
SA). By contrast, there is no difference in the levels of axonal
protein levels among the three transgenes, consistentwith equiv-
alent protein expression levels detected in larval brain extracts
(Figure 8H). Furthermore, expression of our original wild-type
transgene (wt_III-8) shows increased protein levels both in
the axon and at the synapse compared to the phi-integrated
wild-type transgenes (htswt-p40/VK33) (Figures 8G–8I). From these
data, we conclude that the phosphomimic S703Dmutation facil-
itates trafficking of Hts M protein into the presynaptic nerve
terminal, which could include mechanisms of protein transport
or stabilization.
We next asked whether the mutant transgenes had a differen-
tial ability to rescue the phenotypes of synaptic retraction,
bouton number, and the appearance of growth-related protru-
sions in the hts mutant. Both the phosphomimic and nonphos-
phorylatable transgenes were able to significantly rescue
synapse retractions (Figure 8J), protrusions (Figure 8K), and
bouton numbers (Figure S7). Thus, the primary effect of the
phosphomimic mutation appears to be the control of synaptic
translocation of the Hts-M protein. However, if one takes into
account the different levels of synaptic protein present in
WT, phosphomimic and nonphosphorylatable genotypes, then
some phenotypic differences can be observed. For example,
comparing htswt_III-8 to htsSD-p40/VK33, which show equivalent
synaptic Hts-M protein levels, reveals that htsSD-p40/VK33 does
not rescue as well (Figures 8J and 8K). This could indicate that1128 Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc.the mutant protein is not fully functional or that the phosphoryla-
tion-dependent localization of the mutant protein is not optimal.
Regardless, the major effect of S703 phosphorylation within the
MARCKS domain appears to be to control Hts synaptic protein
levels, a parameter that we have shown can strongly influence
synapse stability and growth.
DISCUSSION
Here, we provide evidence that Hts/Adducin is an important
player in the mechanisms that control both the stability and
growth of the NMJ. We demonstrate that hts mutations cause
a profound destabilization of the presynaptic nerve terminal.
These data are consistent with the well-established function of
Adducin as a spectrin-binding protein that participates in the
stabilization of the submembranous spectrin-actin skeleton
(Bennett and Baines, 2001; Matsuoka et al., 2000). Remarkably,
hts mutations also promote the growth and elaboration of new
processes at the NMJ. Indeed, the elaboration of new processes
and increased growth overcome the effects of synapse destabi-
lization such that, on average, the NMJ is significantly larger in
the htsmutant animals compared to wild-type. Process elabora-
tion is accompanied by the extension of small-caliber, actin-rich
protrusions that contain the necessary machinery for synaptic
transmission including essential components of the active zone,
postsynaptic glutamate receptors, and homophilic cell-adhesion
molecules. This phenotype has not been observed in animals
lacking presynaptic a-/b-Spectrin or Ankyrin2 (Pielage et al.,
2005, 2008), indicating that Hts/Adducin has a specific activity
relevant to the formation of these new synaptic processes.
We go on to provide biochemical insight into howHts/Adducin
might control new process formation at the NMJ. We demon-
strate that Drosophila Hts-M has actin-capping activity similar
to its vertebrate homolog. Based on recent work in other
systems, loss of actin-capping activity at the plasma membrane
could reasonably favor the formation of actin-based filopodia
that might promote the elaboration of small-caliber synaptic
protrusions (Bear et al., 2002; Mejillano et al., 2004; Menna
et al., 2009). Consistent with such a model, overexpression of
Hts/Adducin, thereby increasing the amount of actin-capping
protein at the NMJ, is sufficient to inhibit the growth and elabo-
ration of small-caliber type II and type III nerve terminals. Finally,
we demonstrate that synaptic localization of Hts/Adducin is
controlled via phosphorylation of a conserved serine residue in
the C-terminal MARCKS domain. Based on these and additional
data discussed below, we present amodel in which Hts/Adducin
functions as a molecular keystone, stabilizing the submembra-
nous spectrin skeleton to achieve synapse stability and simulta-
neously capping actin filaments at the plasma membrane to
influence the shape and growth potential of the presynaptic
nerve terminal. Modulation of Adducin activity, either through
changes in protein abundance or phosphoregulation, might
then influence the balance of growth versus stability (see also
Bednarek and Caroni, 2011 [this issue of Neuron]).
Mechanisms of Remodeling and Degeneration
Synapse retraction at the Drosophila NMJ occurs without cell
death (Eaton et al., 2002; Massaro et al., 2009) implying a local
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Adducin Controls Synapse Growth and Stabilitydegenerative process. Mechanistically, withdrawal of target-
derived BMP signaling causes retraction (Eaton and Davis,
2005) while overexpression of BMPs can suppress retractions
(Massaro et al., 2009), suggesting similarities with develop-
mental remodeling. However, we have identified several muta-
tions that cause NMJ retraction that are linked to neuromuscular
degeneration in human (Eaton et al., 2002; Pielage et al., 2005).
Furthermore, overexpression of a WldS (Wallarian degeneration
slowed) transgene is able to significantly suppress synapse
retraction at the NMJ, implying a degenerative mechanism
similar to that observed in mammalian motoneurons (Massaro
et al., 2009). Based upon these data, we hypothesize that
synapse retraction at the Drosophila NMJ is driven by local,
degenerative processes that are similar to those observed
during neural development and the early stages of neurodegen-
eration in other systems.
Our data demonstrating the involvement of Hts/Adducin in
both NMJ degeneration and nerve terminal sprouting/growth is
quite unique. It may be possible to partition these functions to
the spectrin-binding and actin-capping activities of Adducin. It
is particularly intriguing that the subcellular distribution of Addu-
cin can be regulated by phosphorylation. Might changes in the
local concentration of Adducin be involved in developmental
pruning and neuromuscular synapse elimination or degeneration
in other systems? If so, our data seem to highlight an increasingly
opaque distinction between degenerative and developmental
mechanisms.
Enhanced NMJ Growth, Altered NMJ Morphology,
and Regulation of Synaptic Actin
Two general phenotypes of synaptic overgrowth have been
previously documented at the Drosophila NMJ. The first pheno-
type involves a uniform and dramatic expansion of the NMJ
(DiAntonio et al., 2001; Wan et al., 2000; Sweeney and Davis,
2002). The second phenotype involves the formation of highly
ramified clusters of synaptic boutons that have been termed
satellite boutons (Marie et al., 2004). This phenotype has been
linked to disruption of endocytic proteins such as Dap160/Inter-
sectin, Dynamin, and Endophilin (Koh et al., 2004; Marie et al.,
2004) as well as mutations that disrupt actin regulatory mole-
cules including Wasp, Arp2/3, and Nervous Wreck (Coyle
et al., 2004).
By contrast, the phenotypes documented in hts/adducin are
quite different from any previously reported mutation. The NMJ
is transformed into a hybrid structure consisting of normal type
Ib boutons that support the extension of long, small-diameter
synaptic protrusions. This phenotype is robust and highly pene-
trant. Adducin has two prominent functions. It participates in the
stabilization of the spectrin-ankyrin skeleton and it caps actin
filaments. By comparison of our data with prior genetic analyses
of a-/b-spectrin and ankyrin2L (Koch et al., 2008; Pielage et al.,
2005, 2008), we can partition these two functions of hts/adducin.
a-/b-Spectrin and Ankyrin2L are necessary for NMJ stability but
do not influence NMJ growth. Thus, we propose that Adducin is
required to stabilize the nerve terminal through a well-estab-
lished association with the spectrin/ankyrin skeleton. By exten-
sion, we propose that the actin-capping activity of Adducin
regulates NMJ growth. One possibility is that loss of actin-capping at the nerve terminal membrane promotes filopodia
formation and this drives the extension of the observed small-
caliber protrusions. However, the loss of actin-capping activity
alone may not be sufficient since it occurs in the presence of
an impaired spectrin/ankyrin/adducin submembranous skel-
eton. An alternative possibility is that loss of Adducin causes
two simultaneous effects. First, it relieves a constraining influ-
ence of the spectrin skeleton (Pielage et al., 2005). Second, in
this relaxed context, increased filopodia formation is able to effi-
ciently drive new nerve-terminal extension. Such a model could
explain why the htsDGmutation does not have prominent protru-
sions despite showing increased growth. If the htsDG mutation
retains some actin-binding activity, as suggested by in vitro
data (Li et al., 1998), and retains some stabilizing activity (Fig-
ure 2), then the combined effect might be sufficient to suppress
protrusion formation while allowing enhanced synaptic growth.
Interestingly, the association of Adducin with the submembra-
nous spectrin skeleton can be controlled via phosphorylation
downstream of growth factor signaling in other systems (Fukata
et al., 1999; Pariser et al., 2005).
EXPERIMENTAL PROCEDURES
Fly Stocks
Flies were maintained at 25C on standard fly food. The following strains were
used in this study: w1118 (as wild-type), hts1103, Df(2R)BSC26, ank2518,
ank22001 elav-GAL4, mef2-GAL4, and mhc-GAL4 (all Bloomington Stock
Center), UAS-drc2, htsRNAi (lines 103631 and 29102, Vienna Drosophila RNAi
center), htsW532X, and htsDG (gift of L. Cooley, New Haven, CT).
Generation of hts Constructs, Transgenes, and Protein
See Supplemental Experimental Procedures.
Immunohistochemistry
Primary antibodies were used at the following dilutions: anti-Bruchpilot (nc82)
1:200, anti-Fasciclin II (1D4) 1:50, anti-Synapsin 1:50, anti-Futsch (22C10)
1:500, anti-Hts-1B1 1:50 (all provided by the Developmental Studies
Hybridoma Bank, IA), rat anti-Ank2L 1:500 (gift from M. Hortsch), rabbit
anti-Dlg 1:5.000 (gift from V. Budnik), rabbit anti-Syt 1:500, mouse anti-phos-
pho-Adducin (Ser274) (= anti p703-Hts-M) (Upstate/Millipore) 1:400, rabbit
anti-Hts-M 1:1000 (gift from L. Cooley); anti-DGluRIII was raised by David’s
Biotechnology (Regensburg, Germany) against the 22 C-terminal amino acids
of DGluRIII as previously reported (Marrus et al., 2004), affinity purified, and
used at 1:4000. Alexa488/568/647 conjugated secondary antibodies were
obtained from Invitrogen and used at 1:1000. Cy3 and Cy5 conjugated anti-
HRP were obtained from Jackson Immunoresearch Laboratories and Molec-
ular Probes and used at 1:1000 dilutions for 1–2 hr at room temperature
(RT). Larval preparations were mounted in Prolong. Images were captured at
room temperature using a Leica SPE confocal microscope with a HCX PLAPO
633 objective (Aperture 1.4). Imaris software (Bitplane) was used to process
and analyze images and to quantify phenotypes.
Western Blot
See Supplemental Experimental Procedures.
Electrophysiology
Third-instar larvae were selected and dissected according to previously pub-
lished techniques (Pielage et al., 2008). Whole-muscle recordings were per-
formed on muscle 6 in abdominal segment A3 using sharp microelectrodes
(12–16 MU). Recordings were selected for analysis only if resting membrane
potentials were more hyperpolarized than –60 mV and if input resistances
were greater than 5MU. See Supplemental Experimental Procedures for addi-
tional detail.Neuron 69, 1114–1131, March 24, 2011 ª2011 Elsevier Inc. 1129
Neuron
Adducin Controls Synapse Growth and StabilityElectron Microscopy
Methods have been previously published (Pielage et al., 2005, 2006). See also
Supplemental Experimental Procedures.
Actin-Capping Assay
Actin was purified from Acanthamoeba castellani as described (Gordon et al.,
1976), labeled with pyrene iodoacetamide as described (Cooper et al., 1983),
and stored on ice. Actin depolymerization assays were performed as
described, with minor modification (Zuchero et al., 2009). See Supplemental
Experimental Procedures for additional detail.
SUPPLEMENTAL INFORMATION
Supplemental Information includes eight figures and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.1016/
j.neuron.2011.02.007.
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